This article aims to present the methodologies, advantages and limitations of the infrared thermography test for the inspection of reinforced concrete bridges. A systematic review of arearelated articles and academic material was carried out. This review focus mainly on passive thermography in both laboratory and field studies. A critical approach to the available information regarding its scope was used. This technique is presents a real alternative for detecting defects in reinforced concrete bridges because the more superficial the anomalies in these structures are, the more effective it is Also, depending on the work to be carried out, a variety of factors should be taken into consideration for better results. Moreover, infrared thermography is more effective when combined with other non-destructive tests. Keywords: infrared thermography; bridge inspection; concrete pathologies. 
INTRODUCTION
The inspection and maintenance of reinforced concrete structures are important activities for their useful life preservation, safety guarantee, and functionality for the users (Bagavathiappan et al., 2013) . Despite that, as structures age, these activities are increasingly complex to perform; however, they are necessary to determine and control structural integrity, in addition to assessing the damage nature (Chang; Flatau; Liu, 2003; Rehman et al., 2016) . Bridges are structures that deteriorate rapidly, especially their decks, since they are directly exposed to traffic and the environment (Gucunski et al., 2015) . Concrete degradation, steel corrosion, weakening of connections, among other problems are causes of permanent concern in the maintenance of bridges. Proper inspection and evaluation of bridges and their parts are necessary to avoid deterioration of structural integrity and service over time (Islam et al., 2014) . In the United States, bridges are inspected twice a year (GPO, 2015) and 40% of bridges evaluated are classified as structurally deficient and not functional (Pines and Aktan, 2002) . These structures are designed and built to operate for at least 50 years, but the average life span Revista ALCONPAT, 7 (3), 2017: 200 -214 Infrared thermography as a non-destructive test for the inspection of reinforced concrete bridges:
A review of the state of the art J. H. A. Rocha, Y. V. Póvoas 202 of a bridge in the United States is about 42 years, as opposed to technical specifications (Herrmann, 2013) . In Brazil the situation is similar. According to NBR 9452 (ABNT, 2016) , bridges should be inspected each year, but only with routine inspection. More detailed inspections should take place between 5 and 8 years, depending on the case. Research in the area (Mendes; Moreira; Pimienta, 2012; Pintan et al., 2015; Vitório and Barros, 2012) shows that more than a third of the bridges studied have poor characteristics, associated in many cases to lack of adequate or timely maintenance. Although visual inspection is the most widely used method for inspecting concrete structures and the first step in evaluating structures (Chang; Flatau; Liu, 2003; Estes and Frangopol, 2003; ACI, 2013; Alani; Aboutalebi; Killic, 2014; Rehman et al., 2016) , its scope is limited to subjective qualitative analysis because it depends on the inspector criteria (Jain and Bhattacharjee, 2011) . In addition, visual inspection is unable to detect internal problems of the structure, unless they are so advanced that present external signs, which is an undesirable and should be avoided (Vilbig, 2014) . Non-destructive test methods provide relevant information on the structure condition (McCann and Forde, 2001 ) which allows the damage to be assessed quickly and efficiently (Chang; Flatau; Liu, 2003) thus preventing premature and unpredictable collapse (Rehman et al., 2016) . Several researchers have demonstrated the application of these methods for the structures inspection and evaluation, providing guidance for their uses (Clark; McCann; Forde, 2003; Scott et al., 2003; Meola, 2007) . McCann and Forde (2001) present a variety of non-destructive methods suitable for civil construction, while Rehman et al. (2016) , present in detail the non-destructive test methods for the inspection of bridges. Infrared thermography as a nondestructive test has been used for civil structures inspection with satisfactory results (Meola, 2007; Fox; Goodhew; Wilde, 2016; Hiasa; , and its specific application in the inspection of bridges is being increasingly consolidated (Watase et al., 2015; Ellenberg et al., 2016; Dabous et al., 2017; Hiasa; Catbas, 2017a) . However, infrared thermography has some limitations regarding defect detection depth, the influence of environmental conditions and data collection time for example. In this sense, the objective of this article is to analyze the scope of infrared thermography in the inspection of reinforced concrete bridges, describing infrared thermography operation basic concepts, besides methodologies and techniques of the information analysis, aiming to provide a better diagnostic evaluation of pathologies in bridges.
LITERATURE REVIEW

Historic review and operation principle
All objects with temperature above absolute zero (0 K) emit radiation in the infrared range of the electromagnetic spectrum. According to the wavelength, infrared radiation is in the range of 0.75 to 1000 μm (micrometer), located between the visible and microwave range ( Figure 1 ) (Clark; McCann; Forde, 2003; Meola, 2012; Bagavathiappan et al., 2013) . William Herschel discovered infrared radiation in 1800 and his son, John Herschel, made the first thermal image in 1840 (FLIR, 2013) . Despite this progress, infrared thermography was not used until recent decades due to the lack of equipment development and technical knowledge (Bagavathiappan et al., 2013) . Infrared radiation emitted by an object is detected in a non-contact way by an infrared detector in the camera, using the Stefan-Boltzmann equation (1) to obtain the object temperature (Clark; McCann; Forde, 2003; Washer, 2012; ACI, 2013; Watase et al., 2015) . 
Where E is the radiation emitted by the object (W/m 2 ), q is the degree of energy emission (W), A is the area of the emitting surface (m 2 ), T is the absolute temperature (K), is the StefanBoltzmann constant of 5.676x10
, and ε is the emissivity of the emitting surface. Emissivity is the efficiency measure of a surface to act as an emitter (Clark; McCann; Forde, 2003) . A perfect blackbody has an emissivity value equal to one, considered as a perfect emitter; however, for other surfaces, the value is less than one. In the case of concrete, it has a relatively high emissivity, between 0.9-1 (Washer; Fenwick; Bolleni, 2010) . 
Methodology and analysis
The application of infrared thermography can be divided into active and passive categories, depending on the resources of heat stimulation (Kee et al., 2012; Rehman et al., 2016) . Passive thermography requires no source of external stimulation (Oh et al., 2013) ; it uses solar energy and ambient temperature as the main heating resources, and this technique is used for bridges inspection (Kee et al., 2012; Vaghefi et al., 2012; Alfredo-Cruz et al., 2015) , as well as for other structures and other fields (Buyukozturk, 1998; Lahiri et al., 2012; Barreira; Almeida; Delgado, 2016; Fox; Goodhew; Wilde, 2016; O'Grady; Lechowska; Harte, 2016) . In contrast, active thermography requires external sources of stimulation (Kee et al., 2012; Rehman et al., 2016) . It can even be sub-divided according to the nature of the stimulation as Pulsed, Lock-in and PulsedPhase for example (Maldague, 2001) . Among other uses, the application of the active thermography techniques is related to defect detection in metals and industrial processes monitoring (Meola et al., 2002; Montanini, 2010; Yuanlin et al., 2015; Zhao et al., 2017) . There are two types of measurements and analyses in infrared thermography. The first (quantitative) consists in obtaining the object temperature with precision; the second (qualitative) is the obtaining of relative values of hot spots in relation to other parts of the same object, using these parts as reference. In a qualitative analysis, some applications do not require the determination of the exact temperature; instead, only relative temperatures and data collection to be interpreted quickly are needed. The analysis, however, may have flaws in accuracy. In a quantitative analysis, the procedure is more rigorous and is used for specific applications (Jadin and Taib, 2012) . 
Advantages and limitations
Infrared thermography is presented as a fast, non-invasive, contactless technique that allows the recording of real-time dynamic variations. It can be applied over large distances, analyze and inspect large areas in small time intervals, and provide easy results and quick interpretation (Yehia et al., 2007; Washer; Fenwick; Bolleni, 2010; Sham; Lo; Memon, 2012; Watase et al., 2015; Hiasa; Rehman et al., 2016) ; besides having a simple instrumentation. In most cases, all it takes to observe thermal images are a thermographic camera, the camera support and a video output (Bagavathiappan et al., 2013) . Despite the many advantages offered by this technique in the inspection, the equipment may be expensive and insensitive to detect the depth of defects and anomalies in the concrete. In addition, the testing is highly influenced by environmental conditions, such as wind, solar radiation, humidity and surface emissivity (Manning; Holt, 1980; Yehia et al., 2007; Washer; Fenwick; Bolleni, 2009; ACI, 2013) .
Thermografic cameras
Thermal cameras have undergone many changes in recent decades. The first generations of cameras had low spatial resolution, high noise levels, low dynamic range and limited data storage (Zhang; Tsai; Machin, 2009) . Each day the cameras are lighter and portable, with new types of infrared detectors with better resolution and accuracy, covering more and more applications (Bagavathiappan et al., 2013) . At the moment of choosing a thermographic camera, some performance parameters, such as spectral range, spatial resolution, temperature resolution, temperature range and frame rate must be taken into account. However, other factors as: power, weight, size, image processing capacity, calibration, storage capacity, cost, service, among others, can be considered depending on the type of work to be performed (Venkataraman and Raj, 2003) . Spectral range is the portion of the infrared region in which the camera is capable of operating. It is known that as the object temperature increases, the thermal radiation emitted is in short wavelengths (Bagavathiappan et al., 2013) ; however, objects at ambient temperature emit long wavelengths (7.5-14 µm). Therefore, in this case, cameras with this wavelength system would be preferable because measurements would not be affected by solar radiation, which are generally in short-length ranges. On the other hand, cameras with short wave systems (2-5 µm) may perform better on cloudy days or at night, because solar radiation is in the same wavelength range and cannot influence the results (Jaldin and Taib, 2008) . The quality of the image depends on how big the spatial resolution is. Spatial resolution is the ability of the thermographic camera to distinguish two objects in the visual field. It depends directly on the lens system, the detector size, and the distance between the object and the camera. The larger this distance, the smaller the spatial resolution (Venkataraman and Raj, 2003) . Temperature resolution is the minimum thermal differential that can be detected by the thermal camera. It depends on many parameters such as: object and environment temperature, distance from the camera to the object, filters, among others (Venkataraman and Raj, 2003) . Temperature range refers to the maximum and minimum values that the camera can measure. These values may vary according to camera specifications. Frame rate is the number of frames that can be acquired per second, which is important in the case of monitoring moving objects or dynamic events (Venkataraman and Raj, 2003) .
INSPECTION OF BRIDGES
The concept of infrared thermography applied for inspection is based on the fact that the voids, defects or anomalies within the concrete affect the heat transfer properties of the structure. As the temperature rises during the day, the defects interrupt the heat transfer inside the concrete, heating these areas rapidly, and this is because the defects are filled with air or water, which have a different thermal conductivity from that of concrete. Conversely, at night, when temperatures drop, the same defect areas are cooled faster than problem-free areas (Figure 2 ). The cameras can detect these defects through the measurement of the radiation emitted by the surface of the concrete surface with the Stefan-Boltzmann equation (1) (Maser and Roddis, 1990; Washer; Fenwick; Bolleni, 2010; Sham; Lo; Memon, 2012; ACI, 2013; Gucunski et al., 2013; Farrag; Qaddoumi, 2016; Rehman et al., 2016; Vemuri and Atadero, 2017) .
Figure 2. Infrared energy emitted from concrete under day and night conditions (Washer et al., 2015) Radiation, conduction and convection are the main heat transfer mechanisms that affect the heat flow through concrete. Although radiant energy is the parameter that can be measured by a thermographic camera, the thermal conductivity inside the concrete and the heat convection around the concrete influence the taking of thermograms (Vaghefi et al., 2011) . The detection of defects or delaminations in the concrete is performed through the gradient or thermal contrast (ΔT), defined by equation (2) (Washer et al., 2015) .
Where TD is the temperature that is above the defect surface, and TC is the temperature of the intact concrete. The application of infrared thermography for the inspection of buildings and their components is widely regulated (ASTM, 2013a; ASTM, 2015a; ASTM, 2015b); and, specifically for the inspection of reinforced concrete bridges, only the standard D4788-03 (ASTM, 2013b) is available.
The application in concrete structures is mainly focused on the detection of surface defects, porosity, cracks, damage assessment (McCann and Forde, 2001; Arndt; Röllig, 2007; Poblete and Pascual, 2007; Arndt, 2010; ACI, 2013; Baggathiappan et al., 2013) and, particularly in the case of reinforced concrete bridges, in the detection of delaminations and voids (Figure 3) , in a visual way in thermograms or by thermal gradients calculated using equation (2) (Clark; McCann; Forde, 2003; Washer; Fenwick; Bolleni, 2010; ASTM, 2013b; Gucunksi et al., 2013) . Defects with higher thermal gradients are more detectable even at great depths (Washer et al., 2015) . In this sense, the standard D4788-03 (ASTM, 2013b) indicates that this gradient should be at least 0.5°C for good detection accuracy. However, Clark, McCann and Forde (2003) detected defects and delaminations in the internal structure of reinforced concrete and masonry bridges, located at low ambient temperature and indicated that these defects can be detected when the gradient is approximately 0.2-0.3°C. Washer, Fenwick and Bolleni (2010) claim that infrared thermography is appropriate to inspect sun exposed parts of bridges as it generates large gradients. However, in extreme cases, the sun can limit the technique by generating false detections (Washer et al., 2015) . For parts not exposed to direct sunlight, Figure 4a , Washer (2012) concludes that delaminations and defects can be detected when temperature variations during day and night are large enough to generate gradients, Figure 4b ; the author also emphasizes that during the cooling and heating periods of the day the thermal gradients are small, resulting in ineffective inspection during these periods. Farrag, Yehia and Qaddoumi (2016) used a minimum gradient of 0.8°C for detection of defects in addition to visual detection in thermograms. (Washer, 2012) Procedural factors refer to the experimental conditions and previous knowledge of the object of study; they can be minimized by using qualified thermographers to obtain data and data correction or interpretation (Buyukozturk, 1998; Uemoto, 2000; Vemuri and Atadero, 2017) . Environmental conditions refer to their direct influence on measurements (Washer et al., 2015) . Infrared thermography is a very sensitive technique in relation to environmental conditions (Yehia et al., 2007; Oh et al., 2013) . Sun exposure is considered the main force to generate thermal gradients as it affects the measured temperature values, generating thermal energy on the concrete surface. Likewise, an increase in ambient temperature produces an increase in the object temperature, unlike events such as humidity, rain or snow that reduce the object temperature. However, higher temperature variations during the day may generate higher thermal gradients (Washer; Fenwick; Bolleni, 2010) . Wind can also interfere with the temperature of the objects studied, especially when the wind is strong, due to the temperature-cutting effects generated on the surface (Davis, 2003) . Next, the main capabilities and limitations of the technique in the inspection of reinforced concrete bridges are described in relation to depth and size of delamination, the ideal time for data collection, concrete quality influence, data collection speed and combination with other tecniques. 
Depth and size of delamination and inspection time
Delamination depth and size detection have been well-researched. Many authors use artificial defects to be captured with the infrared camera and thus evaluate the technique reach. Likewise, there are many recommendations for the ideal time to obtain data (Hiasa, 2016) . Table 1 presents a summary of the main investigations in the detection of defects in relation to size, depth and time. The literature review (Table 1) shows that the larger and more superficial the defect area is, the easier its detection. In this sense, Farrag, Yehia and Qaddoumi (2016) concluded that if the R/d ratio (R: short dimension of defect, and d: depth of defect from the surface) is greater than 1, defects are detected; if this R/d ratio equals 0.45, they are detectable up to a depth of 10 cm. In more recent investigations on detection depth, Hiasa, Birgul and Catbas (2017b) presented a methodology for data processing through numerical modeling for better analysis and subsequent evaluation, where the results for defects at depths of 1.27 and 2.54 cm were detected more accurately than through a simple color analysis in the thermogram. The effect of time of day in data collection is controversial, since the recommendations of the authors are contradictory in some cases. In fact, it all depends on the environmental conditions of the place where the object under study is located; even so, some authors (Uemoto, 2000; Watase et al., 2015; recommend bridge inspection at night to eliminate the solar radiation effects, and to have a better view of the space between the defect and intact regions, avoiding false detections. However, Hiasa, Birgul and Catbas (2017a) showed the potential of finite element models with infrared thermography for the inspection of bridges, providing the estimation of detection parameters such as depth and size of defects and even ideal inspection times. Farrag, Yehia and Qaddoumi (2016) applied this technique to several concrete mixtures to observe their influence on defect detection, demonstrating that high strength concrete -therefore, with higher density and higher thermal conductivity -is better for defect detection. According to the literature, delamination detection limits are not clearly established in relation to concrete depth and quality, water-cement ratio, and compressive strength. Yehia et al. (2007) found voids and defects to a depth of 4 cm in a concrete with compressive strength of 28 MPa, while Kee et al. (2012) found delaminations at 5 cm in a concrete of the same strength. Maierhofer et al. (2006) found voids at a depth of 6 cm in a concrete of 48 MPa using active infrared thermography. Alfredo-Cruz et al. (2015) , in a concrete of 38 MPa and a water-cement ratio of 0.35, detected delaminations up to a depth of 5 cm, being the defects of 7.5 cm the least visible. Farrag, Yehia and Qaddoumi (2016) found delaminations and voids at 10 cm depth with a compressive strength concrete of 50 MPa. compared three cameras as to the effect of speed on the thermograms. The experiments were conducted at speeds of 0 km/h and 48 km/h. The camera with higher technology gave better results than those with lower technology, capturing not only thermograms in static form, but also in motion. In addition, the results reveal that compared to the 320x240 pixels camera, the 640x480 pixels camera is more efficient, since it allows analysis of larger areas in a short time with good accuracy.
Concrete quality
Data collection speed
Combination with other non-destructive tests
Infrared thermography has been widely used in combination with other non-destructive techniques in order to confirm or supplement information for a more complete analysis of the structure. Yehia et al. (2007) compared the results obtained with different non-destructive techniques, such as infrared thermography, IE (Impact Echo) and GPR (Ground Penetrating Radar) used in the inspection and evaluation of bridges. It was concluded that each technique meets specific objectives and together they provide more information about the state of the structure.
Revista ALCONPAT, 7 (3), 2017: 200 -214 Infrared thermography as a non-destructive test for the inspection of reinforced concrete bridges: A review of the state of the art J. H. A. Rocha, Y. V. Póvoas 209 Aggelis et al. (2010) studied the characterization of subsurface cracks in concrete. In this study, infrared thermography was used to detect position of those cracks; subsequently the ultrasonic test was used for a more detailed depth study. Kee et al. (2012) performed a fusion between the non-destructive techniques of IE and infrared thermography, demonstrating that the combination of the data obtained allows a coherent, practical, and sensitive defect detection. Oh et al. (2013) compared the same methods with the drag chain technique. The results were comparable; however, the drag chain was less accurate and reliable for the detection of defects in bridges. Though economical, it is technologically limited and subjective, as it depends on the experience of the operator. Vemuri and Atadero (2017) and Dabous et al. (2017) consider that the combination of infrared thermography with GPR is advantageous for bridge inspection because they work in a complementary way: corrosion and cracks in early stages can be detected for both defects and their quantification. Even though there is an asphalt layer on the bridge deck, detection is still possible, according to Vemuri and Atadero (2017) . Alfredo-Cruz et al. (2015) studied nondestructive testing techniques: ultrasonic, infrared thermography, and sclerometer to evaluate bridge elements. They concluded that the combination of these techniques presents more complete results such as the evaluation of uniformity and quality in the concrete matrix, detachments detection and the estimation of the concrete compressive strength. Ellenberg et al. (2016) demonstrates the ability to use UAV (Unmanned Aerial Vehicle) equipped with a thermographic camera to identify delaminations during the inspection of bridges, as shown in Figure 5 . (2015) consider that technologies complementary to infrared thermography, such as GPR, ultrasonic, and others used in concrete can be useful in the analysis and characterization of concrete problems, which would improve decisions on the evaluation and maintenance of these structures. Vaghefi et al. (2015) presented the results of infrared thermography with 3DOBS (Three-Dimensional 3D Optical Bridge Evaluation System), a system based on the principles of photogrammetry, capable of quantifying delaminated areas and determining their percentage in relation to the area of the bridge deck. The combination of infrared thermography and 3DOBS is a fast and easy method to locate and quantify deficient areas. It can be observed that the combination of the IR technique with other nondestructive methods is generally performed in the inspection of bridges, presenting satisfactory results on the state of these structures. Revista ALCONPAT, 7 (3), 2017: 200 -214 Infrared thermography as a non-destructive test for the inspection of reinforced concrete bridges: A review of the state of the art J. H. A. Rocha, Y. V. Póvoas
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In the present article the different applications, methodologies, scope and limitations of the infrared thermography in the inspection of reinforced concrete bridges were presented, leading to the conclusions that follow. Because infrared thermography does not require direct contact and may be remote, it is useful for inspecting structures and elements that would otherwise be inaccessible. Moreover, results are immediate which can be important to avoid accidents or emergency situations. IR has good accuracy in detecting different structure damages, such as voids and delaminations, with some limitations as to the depth and size of these defects. The investigations show a greater advancement in the detection of anomalies with the improvement of camera technology. Nevertheless, the ideal time for inspection is still a limitation, due to the technique dependence on the environmental conditions that vary according to where the test takes place. However, the continuous development of tools and technologies increasingly allows automation of the inspection process and data analysis. In turn, as the correct analysis of larger areas is conducted in less time, more reliability and effectiveness are conferred to results. The combination of infrared thermography with other nondestructive methods allows to maximize advantages and compensate some limitations in the inspection and evaluation of reinforced concrete bridges structures by improving the vision of their structural condition and functionality which ultimately helps in the maintenance and conservation decisions.
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